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1 Introduction
Phytomining is an extraction process in which
metallic substances in soils or sediments are
absorbed by plants. This process has become very
popular in the last decades because of its low costs
and environmental friendliness. “PhytoGerm” is
part of the German r³-initiative for strategic tech
metals and resource efficiency and focuses on a
method to extract germanium from ribbon grass.
This paper analyzes the economic pre-feasibility of
the process introduced by the PhytoGerm project.
At first, the economic importance of germanium
is shown by analyzing its demand and supply. The
second part deals with the plants that accumulate
germanium and the boundary conditions for cul-
tivation. The economic aspects of harvesting ger-
manium are shown by means of a case study, where-
by the necessary machinery, equipment and infra-
structure for the process are demonstrated. Final-
ly, the two major leverage factors, i.e. the
accumulated amount of germanium and the mar-
ket price, are examined in order to derive a conclu-
sion concerning the economic feasibility of the Phy-
toGerm process.
2 Global supply and demand of germa-
nium
The first industrial application of germanium
took place in the 1960’s with the invention of ger-
manium transistors (Calder, 1958) and the usage of
germanium as a semiconductor material in radar
units. Nowadays, germanium is used in military
applications and many industrial fields, especially
in electronics and optics. In the following, the world-
wide supply and demand are described in order to
deduce the importance of alternative extraction
methods.
2.1 Supply
Erdmann et al. (2011) estimate that the global
germanium reserves range between 9,000 and
10,000 t. The distribution of the metalloid is high-
ly dispersed, whereby the available resources are
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primarily associated with certain zinc and lead-
zinc-copper sulfide ores. The lion’s share of the
reserves is in hands of the People’s Republic of China
(3,650 t), followed by Russia (2,900 t) and the Dem-
ocratic Republic of the Congo (1,000-2,000 t). The
US (450 t) and Namibia (250-500 t) only control a
small amount of the existing germanium deposits
(Erdmann et al., 2011; Melcher et al., 2014). 
Most of the germanium is recovered as a by-
product during zinc extraction. In a few instances,
the metalloid has been extracted in copper smelters
and from the fly ash of coal burning power plants
(Melcher et al., 2014). Over the past six years, the
worldwide production of germanium increased
from 118 t to 153 t in 2013 (figure 1). Following this
trend, germanium supply could reach up to 200 t
in 2020 with a compound annual growth rate of
4.8%.
The global zinc mine and metal production, on
the other hand, has decreased over the last years
and leveled in 2013, which may result in a produc-
tion to consumption deficit for germanium. Part
of the gap can be filled by additional secondary
material, especially recycled fiber optics. At the
moment, the share of recycled germanium is about
30% of the annual production (Claeys and Simoen,
2011). In addition, other sources of germanium con-
centrate must be exploited. 
2.2 Demand
According to a market study of Merchant
Research & Consulting Ltd. (2014), the global
demand of germanium will amount to 270 t per
year in 2030. The values for the predicted germa-
nium consumption are, however, highly diverse
across different studies. The Fraunhofer Institute
ISI brings up numbers of germanium consumption
of 220 t to 520 t per year only limited to the fiber-
glass industry in 2030 (Angerer et al., 2009). Other
sources like Elsner et al. (2010) estimate a compos-
ite demand of 290 t germanium per year in 2030.
The main field of application for germanium is
fiber optics (40%) due to its high index of refrac-
tion and low optical dispersion (figure 2). Germa-
nium is needed to change the optical properties
inside the fiberglass. Moreover, germanium(IV)-
oxide (GeO2) is used as a polymerization catalyst
(25%) during the synthesis of polyethylene tereph-
thalate (PET), a commercially important plastic. The
high brilliance of the produced polyester is partic-
ularly used in the Japanese PET bottle market.
Because germanium is transparent in infrared light,
it is also an important optical material, e.g. for night
vision devices in cars or hot spot detection in mil-
itary devices, accounting for 24% of the total ger-
manium demand. The remaining 11% spread on
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Figure 1 Trend analysis of the production of germanium for the period 2001-2030 (Erdmann et al., 2011; Merchant Research
& Consulting Ltd., 2014).
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Figure 2 Fields of application using germanium in 2013 (Merchant Research & Consulting Ltd., 2014).
semiconductors alloys, solar cells and miscellaneous
usage (Erdmann et al., 2011; Europäische Kommis-
sion, 2014; Merchant Research & Consulting Ltd.,
2014; Rangel et al., 2013; U.S. Geological Survey,
2000-2014). Overall, it can be said that germani-
um is critical in highly technical devices and process-
es, so that the demand is likely to remain high.
As with all strategic metals, the commercializa-
tion of sustainable resource technologies such as
phytomining highly depends on the market price
of germanium, which has been relatively volatile
over the last decades (figure 3). The market is dom-
inated by a few market players, with a global pro-
duction volume of about 150 t per year. The price
uncertainty is aggravated by the fact that germa-
nium is to a large extent used in military applica-
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Figure 3 Germanium price development in the period 1950-2013 (Bräuninger, 2013).
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tions. Hence, the U.S. and China State Reserve Bureau
purchase significant amounts of germanium metal
for their national stockpile on a regular basis (Bhal
et al., 2013).
The erratic development of the germanium retail
price is shown in figure 3. With the invention of
infrared techniques in the early 1970’s, the germa-
nium metal price raised by 53% from 354,000 $/t
to 540,000 $/t. Later, the price increased by anoth-
er 47% up to 795,000 $/t in 1982 due to the inven-
tion of fiberglass and the usage in diodes and tran-
sistors. On top, germanium was used in the pho-
tovoltaic industry and for the chemical polymer-
ization of PET in the period from 1985 to 1996.
Overall, the fast growing demand could not be met,
so that the market price climbed up to 2,039,000 $/t.
Between 2000 and 2005, the price dropped by 78%
to 466,000 $/t. In 2008, one ton of germanium had
a price of 1,003,000 $. After the financial crisis, the
price increased again by 220% from 580,000 $/t to
1,300,000 $/t, accompanying the global economic
recovery (Guberman, 2015; Bräuninger, 2013).
3 Phytomining - Technology
In general, phytomining refers to a process in
which metallic substances in soils or sediments are
absorbed by plants. Phytoextraction has been grow-
ing rapidly in popularity over the last twenty years
due to its environmental friendliness. Within the
PhytoGerm project, the goal is to find a plant species
that concentrates germanium in aerial plant bio-
mass, which grows well on poor soils and contam-
inated industrial sites. A particular suitable plant
in this case, a so-called accumulator, is ribbon grass
(lat. Phalaris arundinacea L.). 
Ribbon grass is a persistent energy plant with
a maximum height of 2.20 m, which grows on river-
banks and humid grassland, and thus on soils being
humus-, clay-like or of sandy consistence (Ust’ak,
2012). Furthermore, the grass is frost and dry phase
resistant. The accumulator grows well on prolific
siliceous soil, providing advantages with regard to
plant growth. The positive effect of silicon uptake
is based on scaling up the leaf surface, thus improv-
ing light capture. Germanium and silicon largely
share similar chemical properties, which is the rea-
son why grasses incorporate the metalloid. Conse-
quently, the concept is to make use of elevated ger-
manium levels in soils, for instance, of tailings from
zinc mining sites, and thus allowing the plants to
accumulate sufficiently high amounts of germa-
nium in order to achieve high yields during the
extraction process (Heilmeier, 2010).
3.1 Process route
To analyze the economic pre-feasibility of phy-
tomining germanium, several assumptions along
the process have to be made. Figure 4 shows the
investigated scenario starting with cultivating rib-
bon grass on germanium-rich soils, which is in turn
the substrate for biogas generation. To ensure that
a pilot plant for germanium extraction is sufficient-
ly working to capacity, one will have to make use
of the existing, decentralized biogas plant and mono
incinerator infrastructure in Germany. In this study,
we assume that 13,636 t ribbon grass per year are
Figure 4 Part 1 of the process flow diagram.
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obtained from several cultivation areas, which is
the amount needed to utilize an average 500KW
biogas plant. In a next step, the aerial plant parts
are harvested and the biomass is hackled and ensiled
before it is used as raw material for further pro-
cessing. During the ensiling process, acidophilic
microorganisms convert glucose to lactic acid under
anaerobic conditions. Ensiling causes a mass reduc-
tion of plant material by up to 12% (Heyland, 1996),
whereby there is no loss of germanium detectable.
In a digester, 12,000 t of the remaining biomass are
mixed with 3,000 t liquid manure. The central anaer-
obic digestion process requires on average 60 to
70 days under constant temperature conditions
between 35°C and 40°C, whereby the produced bio-
gas can be used after purification in a gas scrub-
bing process (Krzack, 2013-2014).
The residual biomass needs to be separated
trough solid-liquid separation, e.g. with a screw
press (figure 5). After deposing the liquid phase,
4,112 t of biomass per year are available for germa-
nium extraction. The liquid phase still contains a
share of up to 30% germanium, which can be recy-
cled through fertilizing cultivation areas with this
liquid mixture. In the next cycle, the germanium
will again be accumulated in ribbon grass plants.
A germanium extraction of the liquid phase is eco-
nomically and technically not suitable due to the
high amount of liquid and its low germanium con-
centration. The solid biomass is at first dried and
then thermally processed in a biomass power plant.
The residuals of the combustion process are ashes
and fly ashes, enriched with germanium, with an
annual output of approximately 280 t. Studies relat-
ed to the combustion process have shown that
most of the germanium is accumulated within the
fly ash. Bottom ashes only demonstrate a very small
share of germanium. In a combustion process, the
share of fly ash varies between 25% and 30% (Kröp-
pl et al., 2013; Van Loo et al., 2012). To determine the
cost-effectiveness of the process of germanium
extraction, an annual volume of 100 t of pure fly
ash, based on the capacity of one biogas plant, is
assumed.
Typically, the soil concentration on mining dump
areas varies between 3 ppm and 15 ppm (Melcher
et al., 2014; Arroyo et al., 2009). Growth studies
within the PhytoGerm project show a strong
dependency of germanium accumulation in bio-
mass on the germanium soil concentration and its
mobility in soil, whereby certain organic acids can
significantly enhance the mobility of the metal-
Figure 5 Part 2 of the process flow diagram.
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Figure 6 Comparison of the processes developed within the PhytoGerm project (left) and by Arroyo et al. (2011; right).
loid. Up to now, only 1 ppm of germanium can be
accumulated in biomass due to the low mobility
of germanium in the investigated soils within the
project. The ribbon grass, however, is capable to
accumulate much higher concentrations. The
amount of germanium accumulated in the plants
corresponds directly to the germanium content
within the ash.
For the pre-feasibility study, two different
processes for the germanium extraction step are
investigated and subsequently introduced (fig-
ure 6): An established germanium extraction
method of Arroyo et al. (2011) as well as an alter-
native method developed during the PhytoGerm
project.
3.2 Germanium extraction process introduced
by Arroyo et al. (2011)
Arroyo et al. (2011) describes a solvent extrac-
tion method for recovering germanium from coal
fly ashes. The process is based on numerous steps
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beginning with the leaching of fly ash with water.
The impurities are then removed by filtration and
the leachate is mixed with catechol and sulfuric
acid for complexation. In the following step, the
aqueous phase is extracted with an organic phase
of trioctylamine and kerosene in a mixer-settler
system. The organic phase is then treated with a
stripping solution containing sodium hydroxide.
Parts of the raffinate and the residual organic phase
can be reused in the process (Arroyo et al., 2011).
3.3 Germanium extraction process developed
by PhytoGerm
Within the PhytoGerm project, a germanium
extraction process based on the combination of
leaching and distilling germanium with hydrochlo-
ric acid was developed. At the initial stage, fly ash
is mixed with a hydrochloric acid (HCl) solution and
germanium is extracted in the form of germani-
um tetrachloride (GeCl4) by distillation. Due to a
solid liquid separation step, HCl can be recycled and
the molarity of the solution is adjusted by a com-
plementary feed of fresh HCl. GeCl4 is injected in
a second reactor with a sodium hydroxide solution
for the precipitation of germanium(IV)-oxide, which
is subsequently separated by filtration.
By comparing the two methods of PhytoGerm
and Arroyo, it can be recognized that the PhytoGerm
process requires less process steps. In addition, the
Arroyo protocol ends with an aqueous germanium
solution instead of isolated germanium(IV)-oxide.
Moreover, the germanium extraction according to
the PhytoGerm method has advantages regarding
a scale-up due to less operation steps and simpler
reactor systems. 
The investigated process route ends with pro-
ducing powdery germanium(IV)-oxide. Based on
the previously stated assumptions, 3.9 kg of ger-
manium(IV)-oxide can be obtained in total each
year. If required, the oxide can be further reduced
to germanium metal powder in ultra-clean graphite
boats at 760 °C (Melcher et al., 2014). Finally, for
producing metal bars, the powder has to be melt-
ed at 1,100 °C (Melcher et al., 2014).
4 Economic pre-feasibility of the 
PhytoGerm process – A case study
The PhytoGerm process can be considered as
an add-on investment to the existing biogas plant
and incinerator infrastructure in Germany. In the
following section, the capital and operational expen-
ditures as well as the yields of the investigated phy-
tomining processes are assessed. The data for the
PhytoGerm and Arroyo process are analyzed by con-
ducting net present value calculations. 
4.1 Economic analysis for the biogas plant
For processing 13,636 t of ribbon grass, one medi-
um-sized biogas plant with a power of 500 kWel
is necessary. We assume that the biogas plant is
already in place and running, so that no addition-
al investments are required. For the generated bio-
gas income, we use the KTBL calculator from the
German “Association for Technology and Structures
in Agriculture”. The KTBL calculator is a tool for plan-
ning and scaling biogas plants, so that users can
select from a large number of parameters such as
the type of applied biomass. Because of the high
comparability with ribbon grass, and the fact that
ribbon grass is not included in the KTBL-tool, val-
ues for Sudan grass are used. Overall, a biogas plant
generates a revenue of about 734,523 € per year.
This revenue covers the operational costs of the
biogas plant of 513,928 € per year as well as the
profit expectations of the owners.
To stimulate additional investments in phyto-
mining, supplementary profits must be generated
with the extraction of germanium. The same argu-
ment applies to a mono incinerator burning the
dry mass, whereby an investment of approximate-
ly 4.24 mn € would be necessary for building a new
furnace.
4.2 Cost analysis for the germanium extrac-
tion process
The investment and operating costs of the
Arroyo and PhytoGerm process are shown in
tables 1-3. The Arroyo process ends with a liquid
extract, so that the germanium must still be sep-
arated from the liquid phase. Therefore,
cetyltrimethylammonium bromide (CTAB) is used.
The additional costs for the separation of germa-
nium may vary and are almost completely levied.
The PhytoGerm process ends with the target prod-
uct GeO2, so that no additional costs for chemicals
or equipment are needed. 
In order to make the process routes of Phy-
toGerm and Arroyo comparable, plants are scaled
to an annual volume of 100 t. This corresponds to
the annual amount of fly ash, which can be obtained
from the biomass processed in one biogas plant.
Table 1 compares the investments for the plant
technology of the PhytoGerm process with an
amount of 467,800 € and the expenses for the
required equipment for the Arroyo process yield-
ing a total of 674,000 €. 
Based on required systems and equipment, the
PhytoGerm process is much more compact because
it only requires glass reactors with distillation equip-
ment and a filter system. The infrastructure of the
Arroyo process consists of different reactors and a
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mixer-settler system mainly made of stainless steel. 
In addition to the investments, operating expen-
ditures contribute significantly to the efficiency of
a process. Tables 2 and 3 show the operating costs
for the processes according to PhytoGerm and
Arroyo, respectively. Note that both processes require
larger amounts of water and chemicals. Yet, parts
of water and kerosene as well as hydrochloric acid
can be returned to the leaching and extraction
steps, therefore, only small amounts of fresh
reagents must be added to the processes.
Overall, both processes are characterized by a
number of necessary chemicals for germanium
extraction such as petroleum, catechol, sulfuric
acid, hydrochloric acid etc., causing high running
costs. Furthermore, 500,000 l of water per year are
needed, which have to be treated by using filters
to keep the water in a closed system. The operat-
ing costs are highly dependent on the raw mate-
rial costs. Figure 6 illustrates that the PhytoGerm
Table 1 Capital expenditures for the PhytoGerm and the Arroyo process infrastructure.
Apparatus
Total price* [€]
PhytoGerm Arroyo
Plant for the extraction of Ge 100 t/a
Glass reactor with distillation 412,800 -
Filtration apparatus 55,000 -
Leaching reactor - 70,000
Filtration apparatus - 55,000
Mixer (extraction) - 108,000
Settler (extraction) - 45,000
Mixer (stripping) - 90,000
Settler (stripping) - 54,000
Ancillary units (stripping) - 90,000
Pumps (stripping) - 36,000
Storage basin (stripping) - 126,000
∑ Capital expenditures 467,800 674,000
* the presented cost values are net values.
Apparatus Quantity Price Costs per year Incl. cycle savings
Fly ash 100 t/a
Water 500,000 l/a 0.0019 €/l 925 € 925 € 
HCl (recycled share of 90%) 499,989 l/a 180 €/t 105,880 € 10,588 €
NaOH 10 t/a 700 €/t 7,000 € 7,000 €
Maintenance salaries 1,000 h/a 10 €/h 10,000 € 10,000 €
Wages 4,000 h/a 13.3 €/h 53,200 € 53,200 €
∑ Operating costs 81,713 €
Table 2 Operating expenditures within the PhytoGerm process.
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Table 3 Operating expenditures within the Arroyo process. 
Apparatus Quantity Price Costs per year Incl. cycle savings
Fly ash 100 t/a
Water 502,500 l/a 0.00185 €/l 929 € 232 € 
Catechol 320 kg/a 40 €/kg 12,800 € 12,800 €
H2SO4 (10%) 2,400 l/a 0.04 €/l 96 € 96 €
NaOH 751 kg/a 700 €/t 525 € 525 €
Petroleum 90,000 l/a 0.45 €/l 40,500 € 8,100 €
Trioctylamine 820 l/a 5 €/l 4,100 € 4,100 €
Maintenance salaries 1,000 h/a 10 €/h 10,000 € 10,000 €
Wages 4,000 h/a 13.3 €/h 53,200 € 53,200 €
Additional expenses 30,000 € 30,000 €
∑ Operating costs 119,053 €
Item PhytoGerm process [€/a] Arroyo process [€/a]
Capital expenditures 467,800 674,000
Operating costs 81,713 119,053
Sales Revenue 5,121 5,121
Table 4 Comparison of the costs and revenues of the PhytoGerm and Arroyo process.
process ends with filtering GeO2, while the Arroyo
method produces an aqueous extract with germa-
nium. Arroyo et al. showed that the precipitation
of germanium out of the aqueous solution is not
trivial due to the required pH-level as well as the
remaining dissolved organic compounds from the
extraction process. They stated that without any
adjustments only up to 6% of the germanium can
be precipitated using CTAB. Hence, the removal of
germanium from the aqueous extract is only pos-
sible by introducing further process steps such as
pH-regulation, filtration and removing the organ-
ic precipitation by burning of the filtration prod-
uct. Therefore, add-on-costs of about 35% of the
operation expenditures for chemicals, wages and
other have to be considered.
Hence, in order to produce the same amount of
germanium(IV)-oxide, an estimated cost difference
of 30% has to be expected when comparing the
PhytoGerm or the Arroyo process. These addition-
al expenses are already included in the calculation
of the operating costs. The comparison shows that
the PhytoGerm approach also provides a signifi-
cant advantage in terms of capital expenditures
for the infrastructure and system technology of
206,200 € to process 100 t of fly ash per year.
4.3 Yields
In total, 3.9 kg of germanium(IV)-oxide can be
extracted each year with the described phytomin-
ing process. The sales of germanium(IV)-oxide at
a retail price of 1,313 € per kg sum up to 5,121 € per
year. Table 4 summarizes the costs and revenue
structure for both considered extraction methods.
Obviously, in such a setting with a discount rate
of 12% and an expected plant operating time of
12 years, the net present value of both processes is
highly negative. The net present value of the Phy-
toGerm and the Arroyo plant would amount
to -942,000 € and -1,380,000 €, respectively. 
The future market price as well as the expect-
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ed yield are two main leverage factors for the oper-
ational efficiency. If these factors change in the
right proportion, both plants could produce eco-
nomically. Figures 7 and 8 show the expected cash
flows to depend on the market price and the con-
centration of germanium that a plant is able to
accumulate, whereby the Pa*-value reflects the
actual price per kilogram of germanium(IV)-oxide
in 2014. Accordingly, if the current retail price dou-
bles - reaching the level of 1996 - and 10 ppm of
germanium could be absorbed, a positive cash flow
for the PhytoGerm process could be generated for
the first time. Yet, the expected revenues would
not cover the capital expenditures and the risk of
the investment. Only if the market price of germa-
nium triples and a concentration of at least 15 ppm
is achieved, a sufficient cash flow and hence posi-
tive net present value can be realized. Such high
market prices are only realistic if the fiberglass
industry expands dramatically over the next 20 years
and no substitute for germanium is found. Due to
the lower capital and operational expenses, the
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Figure 7 PhytoGerm process - Cash flow depending on yield and trading price.
Figure 8 Arroyo process - Cash flow depending on yield and trading price.
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PhytoGerm process provides the advantage that it
reaches a positive net present value in just four
years - assuming a germanium price of 3*Pa and a
15 ppm-concentration - and hence, it involves a con-
siderable lower financial risk than the Arroyo process,
which has a pay-off period of approximately eleven
years. Further, Arroyo’s method provides an inter-
nal rate of return (IRR) of 12.5%, while the IRR of the
PhytoGerm process amounts to 30.5% due to the
significant lower capital expenditures.
5 Conclusion
Although the PhytoGerm process presents an
environmentally friendly approach to “harvest” ger-
manium, the current market price and accumula-
tion rate of the metalloid in plants do so far not
justify add-on investments to the existing biogas
plant infrastructure. Especially the last step of the
value chain, i.e. the germanium extraction from fly
ash, makes the process route unprofitable due to
its high operational expenses. Nevertheless, ger-
manium remains a strategic metal that is critical
not only for military applications but also for sev-
eral other highly technical devices and processes,
so that the demand is likely to rise considerably. In
order to improve the operational efficiency of the
PhytoGerm process, the accumulation rates of ger-
manium within the ribbon grass need to be inten-
sified by methods increasing the germanium mobi-
lization in soils. Thus far, the relatively high run-
ning costs of the germanium solvent extraction
from fly ash remain the key obstacle implement-
ing the described process route. In this paper, the
two extraction approaches introduced by the Phy-
toGerm project and by Arroyo et al. (2011) have been
investigated. From a financial point of view, the
PhytoGerm method is found to be the preferred
process route because it provides a higher return
as soon as the market price (3xPa*) and yield (15 ppm)
reach levels at which it is economically feasible to
extract germanium from fly ash. Future research
could e.g. focus on methods for refining germani-
um and other elements of the biomass. In addition,
extracting further valuable substances, for exam-
ple, phosphate, which is part of the bio-based ashes,
has not been taken into account in this study. The
co-extraction of different products might have pos-
itive effects on the economic feasibility of the Phy-
toGerm process, which thus has to be addressed
in the further process development and studies in
order to enhance the phytomining concept.
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